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rTointng  refractory  and  snperalloy  metals  in  thicknesses  up  to 
0,10  inch  by  ultrasonic  welding  is  feasible,  A  first  approximation  of 
the  acoustical  energy  required  Indicates  that  the  requisite  welding 
equipnent  is  also  feasible.  |  This  report  is  a  co^ilation  and  discussion 
of  information  pertinent  to  the  development  of  ultrasonic  welding  equip¬ 
ment  for  joining  AM-3SS  steel.  Inconel  X,  Bbt£  iil,  tungsten,  molybdennm- 
0,$%  titaniun^  aM  columbium  alloy  (duPont  D-31). 

flfhe  feasibility  of  welding  the  materials  and  gages  <£  interest 
is  supported  data,  appropriately  referenced,  from  previot;^  work  with 
thinner  material.  Information  on  trai^ducer,  coupler,  and  tip  materials 
is  presented  with  information  on  evaluating  efficiency  and  practicability. 
Design  information  on  spot-type  and  roller-seam  welding  machine  tips  is 
presented.  Data  on  various  properties  of  the  weldment  materials  are 
tabulated,  j 
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FOBWORD 


This  InterliB  Technical  Progress  Report  coTers  the  work  performed 
tmder  Contract  AF33(600-1|3026  from  1  Jtaae  I96I  to  31  August  1961.  It  is 
published  for  technical  information  only  and  does  not  necessarily  represent 
the  recOTHiiendations,  conclusions,  or  approval  of  the  Air  Force, 

This  contract  with  Aeroprojeots  Incorporated  of  West  Chester, 
Pennsylvania,  was  initiated  under  ASD  Marafacturing  Technolo^  Project  7-888, 
"Development  of  Ultrasonic  Welding  Equipment  for  Refractory  Metals".  It 
was  administered  under  the  direction  of  Fred  Miller  (ASRCTF)  of  the  Fabri¬ 
cation  Branch,  Manufacturing  Technology  Laboratory,  AFSC  Aeronautical  Systems 
Division,  Wright-Patterson  Air  Force  Base,  Ohio, 

The  project  is  being  conducted  under  J.  Byron  Jones,  Aeroprojects 
Director  of  Researchi  with  Nicholas  Maropis  as  the  engineer  in  charge. 

Others  who  cooperated  in  the  research  and  in  the  preparation  of  this  report 
are  Carmine  F,  DePrisco,  Chief  Electronics  Engineer}  J,  G.  Thomas,  Metal¬ 
lurgist}  and  Janet  Devine,  Physicist,  This  report  has  been  given  the 
Aeroprojects  internal  number  of  HR-61-75, 

This  is  an  interim  report,  and  the  data  reported  herein  are  of  a 
preliminary  nature  subject  to  arelysis  and  modification  as  research 
progresses . 
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imCDUCTIGN 


The  iaereaeing  use  of  the  newer,  hl^-teaporatore,  corrosioa- 
reslstant  iBetaXs  and  alloys  in  otlssile,  space  rehlelei  and  ataalo  applies- 
ilens  has  introduced  new  netal-joinlng  prdhleias  that  can  not  he  readUy 
solred  conventional  techniques.  J^dueing  satisfaotoxy  hands  in  such 
materials  as  moljrhdenam,  Rene  X,  and  Alf-3^5,  in  both  similar 

and  dissimilar  conhinatlons  of  medium  and  heavy  ga^s,  present  certain 
difficulties. 

Since  the  first  technical  paper  on  ultrasonie  welding  (l)*  was 
published,  this  subject  has  received  Increasing  attention  at  various  n»tal- 
lurgicai  conferences  (2-6),  as  well  as  trm  Ameidean  Industry  (7-15) » 
especially  the  metal  fabrication  industry  (16-23),  and  frtai  foreign  inves¬ 
tigators  (2lt-29). 

Ultrasonic  welding  equipment  already  developed  and  In  use  has 
demonstrated  its  effectiveness  in  joining  various  materials  of  interest  to 
the  aerospace  industries.  Only  in  some  of  the  aluminum  alloys,  however, 
has  welding  been  possible  in  the  heavier  sheet  gages  (up  to  about  0.090 
inch),  tfith  the  existing  equipmsnt,  the  gage  for  most  other  materials  is 
limited  to  about  0.^0  inch.  Extension  of  the  utility  of  the  process  to 
heavier  and  hai^r  materials  requires  substantial  increases  in  the  net  vi- 
brmtory  power  delivered  to  &e  weld  zone.  Sudi  ihezeases  can  come  via  only 
two  avenues  t 

1«  tr^dueer-ebupling  sys tons  of  greater  power-handling  opacity 
f or  weldiag  maebinas  and/or  increased  effini^oy  of  the  transduoer- 
eoupling  systems 

2.  increased  power  to  the  transducer-coupling  system. 

The  major  objective  of  Thaae  I  of  this  program  is  to  develop  ultra¬ 
sonie  welding  eqpiipOi»it  adaquate  for  joining  the  harder,  higher  strength  Mtals 
and  alloys  in  ^Iclmessos  up  to  about  0.10  inch.  To  achieve  this  objeetive 
it  will  be  necessary  to  establish  the  feasibility  of  Joining  mstallle  materials, 
as  exemplified  by  eolumbium  all^,  molybdenum  (Ho-0.5^Ti)  alloy,  tungsten, 

Rei^  hi,  AK-355»  and  Inconel  X,  in  non<mntallle  and  dissimilar  material  com¬ 
binations  and  to  outline  a  Bystematie  api^oach  to  the  development  of  tebh- 
hlqpee  and  equipment  necessary  to  make  reliable,  reproducible  seam  and  spot- 
type  ultrasonie  imlds. 


*  Humbers  in  parenthesas  refer  to  references  listed  at  end  of  report. 
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Detezvlnatlon  of  eqolpnent  roqalrmients  for  tiltrasoiileall7  wolding 
metallic  literlais  im  a  8|»eeii^e  thieloiess  range  met  tegin  with  a  atad^  of 
the  energy  reqairemeBte  for  nakiiig  the  mlda.  ia  not  a  matter  of  merely 

defining  the  line  power  raqolrei  to  operate  welding  eqialpraeiit,  nor  doea  it 
deal  aoleiy  with  the  more  complex  problem  of  the  aconatleal  energy  dellTored 
into  the  weld  zone.  Actnally^  the  flow  of  energy  through  the  entire  electro- 
acouatical  aystem  nmat  be  conaldered* 

^eetrleal  power  from  a  atandard  power  line  (60  cycles}  la  dellrered 
Into  the  "iiltrasonic  geimrator"  or  power  source,  idiere  it  la  eomrerted  by 
means  of  auxiliary  eleetrloal  eqalpront,  such  as  electronic  oscillators  and 
power  amplifiers,  into  electrical  power  at  the  operating  frequency  of  the 
wsMlng  machine.  This  hlg^-frequency  electrical  i^iwer  is  delivered  to  the 
trimsd^er,  which  cinnrerts  it  Into  vibratory  poser  of  the  same  frequency. 

The  power  than  passes  throng  t^  coupling  system,  which  may  consist  of  one 
or  men's  menbers,  into  ttM  welding  tip  and  the  metal  being  Joined. 

Certain  elements  are  common  to  transducer-coupling  systems  for 
weldlhg,  and  these  require  development  for  effective  use  in  hi^er  power 
ultrasonic  welding  machines.  Transducer  material  may  be  selected  from  a 
variety  of  candidates,  and  transducer  designs  depend  in  large  measure  on  the 
selected  transdneer  material.  Coupling  material  must  be  selected  with  eon> 
slderatloh  of  certain  material  properties,  some  of  which  may  not  have  been 
quantitatively  established.  Wslding  machine  tips  involve  especially  diffi¬ 
cult  requirmehts. 

The  basic  concepts  of  these  systems  eohsiat  of  a  transducer,  a 
coupling  system,  a  welding  tip,  and  an  anvU  or  support  for  the  workpiece. 
After  the  most  praising  system  elements  are  determined,  the  best  potential 
coupling  system  must  he  selected  from  two  general  classes  and  a  varie'^  of 
types. 

In  the  wedge-reed  system,  used  in  higher  power  spot-type  welders, 
acoustical  ener^  is  delivered  to  a  wedge-shaped  meaber  (a  meehanlosiL  trans¬ 
former)  ihioh  executes  longitudinal  vibration  and  excites  the  reed  meidaer 
in  flexural  vibration  at  a  soneidiat  greater  amplitude  than  is  produced  by 
the  transducer,  causing  the  welding  tip  to  vibrate  essentially  parallel  to 
the  weld  interface. 

aialler  welders  snd  portable-type  welders  conveniently  incorporate 
the  lateral-drive  system  of  Fig.  1.  In  this  case,  the  tip  is  attached  to  a 
eoiqiler  which  vibrates  longitudinally  to  produce  tip  excursion  parallel  to 
the  weld  interface.  Clamping  force  is  applied  throu^  bending  of  the  eoiq>ler. 

A  ring-welding  machine  is  essentially  a  special  kind  of  spot-type 
welder  that  produces  an  iminterrapted  anznxlar  weld  with  a  single,  shoirt  power 
interval.  Such  a  welder  utilizes  a  torsionaHy  driven  coupler  system.  Is 
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D.  Rim  WELDER 


Fie.  Is  SKETCHES  OF  TYPICAL  ULTRASONIC  WELDING  SYSTEMS 


one  type  of  ring  velder  arrangenent.  Illustrated  is  Fig*  1,  tl^  longltudtnallj 
Tibratlng  "home*  Csschanical  transf oners)  are  attadied  appztnciBatelj  tangent 
to  the  torsional  reed  aeotberf  produei^  torsional  displaements  of  the  welding 
tip*  Other  arrangement 0  for  prodoclng  this  torsional  rihration  hare  also  been 
dereloped* 


A  continuous-seam  welder  inoi^oratss  a  lateral -drire  transducer¬ 
coupling  STstem  rotating  on  antifriction  bearings  with  power  introduced 
throu^  slip  ri£^8,  usualljr  with  prorlsion  for  rotation  of  the  entin  trans- 
ducer-ooupling  dBLsik-tip  systen  by  a  motor  drive#  i.  disk  or  rlng-lihs  tip 
operates  in  iyndhroBoas  rolling  contact  with  the  work  so  that  there  Is  essen¬ 
tially  no  slippage  between  the  tip  and  the  work* 


I.  mfffiM  wsBim  mmsmm 

Establish  tha  feasibllltj  of  Joining  rsfraotory  aetals  and  of 
Joining  a  rafiraotorx  astal'  to  a  dissiDllar  design  niatsrial  by 
ultrasonic  technlqass* 


A*  Bael^ronnd 

^This  vork  is  eoncemad  idth  showing  ths  fsasibUlty  of  ultrasonleally 
welding  such  rsfraotery  nstals  as  tungsten,  molTbdsntB,  tantalum,  and  eolnmbinm 
and  such  othsr  design  materials  as  the  superidloTS  typified  by  steel 

and  O^dimet  700^  These  materials  are  relativsly  mw,  and  their  properties  are 
not  as  well  ddfined  as  those  of  such  more  eomaon  metals  and  alloys  as  aluminum, 
copper,  and  nleksl.  Oonsidsratlon  w^l,  therefore,  be  giren  to  a  limited  num¬ 
ber  of  materials  for  comprehenslTS  study  in  the  course  of  this  program* 


Manufaeturing  Technology  personnel  of  the  Aoronautical  Systems 
Division  of  the  Air  Force  Systems  CenBand  have  reeomBendad  following 
six  materials  for  ^e  focus  of  efforts  during  this  progroat 

r—  .  4'£‘- 

steel  1^*  tungsieB 

2*  Theoiiei  ITIT/a  $•  molib^num-6.$  titanium  Alloy^*^  d4- 

3*  Bend  ji  /✓/<«>  6.  *  eelttfeum  ail^  (HRlon  Ca^fle  Cb-7fe  or 

DuPont  D^)» 

C.  Properties  and  Other  Bortinent  Data  of  Bateriala 


lith  a  tLw  to  fitting  these  speelfle  materials  into  existing 
theory  regarding  ujLtrasonio  welding,  as  wall  as  to  assisting  in  refiniag 
such  theory,  data  on  the  j^ysicml  properties  of  ^ese  materials  have  been 
ass^bled  in  Tuble  1,  data  on  the  meehaaieal  properties  are  given  la  Table  2, 
and  eertaia  mstallurgiCSl  data  are  reported  in  Table  3*  Additional  data 
win  be  incorporated  into  tte  tables  as  the  program  pi^eeds* 


Table  1 


micTED  mjsism  momt-rjEs  m 


Waldesnt  Material  and  Conditionit 


Multl- 

plierW 

Tei^per- 

atnre 

Rene  1)1 

Mo-0.5tl 

VAC-sa 

Tungsten 

AH-355 

SCT 

Inconel  Z 

D-31 

Density,  lb/iil*3 

Room 

0.296 

0.368 

0.697 

0.282 

0.298 

0.292 

Linear  Coefficient  of  Ther- 

10“^ 

Room 

6.5 

3J: 

2.6 

6,k 

7.6 

l).l 

mal  Expansion,  ln./ln*-*F 

1000*F 

7.5 

3.2 

2.7 

7.2 

7.7 

Thermal  Condaetlvlty, 

Room 

63 

936 

n5 

lOU 

85 

Btn-in./ft2-hr-*F 

1000*F 

105 

81|0 

90 

HO) 

106 

Thenul  Dlffustrity,  /tr 

Room 

0.095 

2.01 

0.2l)9 

0.11)8 

0.131 

. 

1000*F 

0.158 

1.75 

Speoifle  Heat,  BtaAb-*F 

Room 

0.108 

0.061 

0.032 

0.120 

0.105 

O.O7I1 

1000*F 

0.063 

*  SCTt  sabsero-eobled  and  tempered)  SHT*  solution  heat-treated)  and  VACi  vaenun  are-eaet»  All  material 
proenz^d  In  the  annealed  or  stress-ralief-annsaled  condition* 

eadi  item  of  data  with  the  multiplier  indicated  for  the  propertj* 


Table  2 


MECHpiC&L  raOPEST  WELOpiTT  M&TSSUX^ 


Wsldaent  Ifatarlal  and  Cnndliioi^ 

IM-35^ 


Dltiaaie  Tensile 
Strength,  psl 

yield  Strength 

(0*2^  offset),  psl 

Elongation,  % 


Poissons  Ratio 

Modulus  of  Elas- 
ticitj,  psi 

Shear  Nodolua,  psl 


Multi¬ 

Temper¬ 

plier** 

ature* 

Room 

1000*F 

Room 

1000*F 

Room 

1000*F 

Room 

1000*F 

o 

H 

Room 

1000*F 

10^ 

Room 

10OO*F 

Mo-O.^i 


Rehm  &1 

7AC-SR 

185,000 

178,000 

1R5,000 

110,000 

iUo,ooo 

13U,000 

115,000 

100,000 

20 

13 

li* 

0.310 

0.325 

0,321; 

31*6 

27*3 

U5.5 

12*1 

10*2 

17  .U 

Tungsten 

SCT 

120,000 

7^,000 

223*600 

197,000 

18,000 

195,000 

1U0,000 

0 

10 

7 

0.281| 

0.276 

59.0 

55.0 

28.7 

2U.0 

21*8 

U.I; 

9J» 

Ineqnel  Z 


SHI 

D-31 

160,000 

100,000 

lU0,OOO 

68,000 

120,000 

98,000 

83,000 

^,000 

25 

15 

10 

5 

0,290 

0.380 

31.0 

16*5 

25.0 

12.8 

12.0 

6*0 

♦  SIS'*  solution  heat-treated;  SCTr  subzero-cooled  and  tenqjered;  and  VAC  I  vacuum  arc-cast*  AH 
material  was  procured  in  the  annealed  or  stress-relief -annealed  condition* 

♦♦Compute  each  item  of  data  with  the  multiplier  Indicated  for  the  property. 


Tabl«  3 

KETiiiimoicii,  iRdirafiEs  m  miK^iTm  wd-zose  TuimATiiRES 

cr  ViEIOUS  mWENT  IttTERIAlS 


Material 

Conditionii 

Mo-0.5Ti 

TAC 

Tungsten 

am-355 

SGT 

Inconel  X 
SHI 

D-31 

Crystal  Stroctnre 

bee 

bee 

«* 

4t* 

bee 

Re  cryst all laat Ion 
Temperature,  TP 

2100 

2350-2750 

1800-2100 

Melting  Point,  “P 

li370 

6170 

2500 

25UO 

IdOO 

Anticipated  feKpera> 
tore  in  Wsid  Zone,  *7 
KaxiaoB 

MiniaRm 

2X35 

1360 

2855 

2270 

1020 

580 

loUo 

590 

1820 

1135 

*  SCft  subz«ro-eooled  1^  tenperedf  S^t  solniic»  heat-treatedi  and 
TaeTOai  are^^eaat*  AU  matarlal  vaa  proexired  in  the  annealed  or 
streas-relief-anneidad  condition* 

wiHaltiphaee  stmetnrei  straeture  of  the  siatrlx  In  the  annealed  eondltitm 

Is  fee. 


k 
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As  sill  bs  shosn  later  in  this  report,  current  theories  of  ultra¬ 
sonic  welding  relate  the  energy  requiranent  associated  with  producing  spot- 
type  welds  to  the  hardness  and  thidmess  of  the  weldasmt  aater^Ul*  Perti¬ 
nent  data  cm  the  welding-energy  requirenents  for  the  six  weldnent  aaterials 
of  Interest  in  rarious  thin  gages  ..wez^  asseadiled  frm  the  data  of  previous 
ezperlBsntal  work  and  are  reported  in  Table  !(• 

Available  ultrasonic  welding  data  indicate  that  althouid^  meticu¬ 
lous  attention  to  surface  preparation  is  not  necessary,  oxide-free  and  de¬ 
greased  surfaces  re^ond  more  readily  to  welding*  Accordingly,  letters 
requesting  information  on  surface  films  and  their  properties,  as  irell  as 
deaning  and  surface  preparation  proeednres,  have  been  sent  to  the  research 
department  of  each  manufacturer  from  whom  metals  for  this  program  were 
purchased*  To  date,  five  reilies  have  been  received*  Additional  requests 
are  being  transmitted  to  other  material  information  sources* 

Inasmuch  as  recrystdlisatibn  of  refractory  metals  aM  super¬ 
alloys  re  sdts  in  strength  degradation  of  such  matei^ais,  recrystallization 
should  be  avoided*  One  noteworthy  advantage  of  ultrasonic  welding  is  the 
absence  of  a  cast  structure  and,  except  in  tmusual  cases,  of  reerystalli- 
zation* 

Becent  research  shows  that  the  temperature  rise  commonly  observed 
in  ultrasonic  welds  is  in  ti»  range  of  ot  the  homologous  melting 

temperature*  Ih  most  eases,  this  Is  below  the  teiiperature  at  irtiioh  re- 
erystalllzatlbn  takes  place*  Other  research  (i).2)  shows  that  temperatures 
during  lading  can  be  controlled  within  limits  that  are  probably  adequate 
to  preclude  recrystaUlzation* 

The  reerystailizatlon  temperatures,  given  in  Table  3,  represent 
a  summary  of  publiiited  data  and  of  expected  wsld-mone  temperatures*  Thus, 
with  dsllneatlon  of  suitable  waldlng  madhlne  settlngsi  the  avoidance  of 
recryetalllzatifui  appears  to  be  practical* 


» 


9 


fable  It 


EXFEBZMENTAl.  WEEDINO  DATA  AND  ^EDICTED  Eimi  RSQUIRIMPrrS 
FCR  SmMSfm  WEQQKm  HifERmS 


Preriona  Szperlenoe 

Predicted 

Material 

Typical  Weld 

Energy" 

and 

SmrgTt 

Clnping 

Tensile 

Squired, 

BardiieSfH» 

Oage*  ineb 

vatt-aee 

Force,  lb 

Strength,  lb 

watt-aee 

Ren$  Itl 

G.dlO 

1000 

800 

3?G-?00 

.006- .020 

260 

Mo-0.$  Ti 

.00? 

720 

300 

60 

600-900 

VBH  • 
to  300 

.010 

1200 

ItOO 

1200-16?0 

.01? 

2000 

ItOO 

220 

2600-2800 

6oo 

100 

2?00 

600 

1?0 

.017 

3000 

600 

2?0 

2000-2800 

Tongateit 

.00? 

700 

1?0 

18 

900 

FIB  -  300 

?10 

800 

90 

900 

100 

.010 

2600 

900 

7? 

1630 

1920 

?0O 

?7 

.008 

180 

350 

380 

20Z 

3?0 

?60 

3?0 

Inconel  X 

.012 

500-1000 

100 

207 

610 

VMH  -  13? 

lt?0-1000 

1?0 

287 

.020 

1?00 

1?0 

290 

1260 

.032 

1?20 

'd-31  .  . 

.006 

1200 

3?0 

38 

700 

7KH  •  238 

g.oo8 

3000 

700 

900 

*7ie]D»r8  nloroixidintation  hardbesa  ntnober# 
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n.  wmiro  EHBtGT  CONSIDERCTICiTS 

Stud^  the  enerp^  requireaents  for  weldliig  eolnabiiiiE  (D-31)  alloy, 
timgsten,  aol^pbdenim-O.S^  titaolom  alloy,  Rene  1|1,  All-3^5,  and 
Ixiconel  Z* 

lie  energy  requirements  for  vibratory  selding  a  variety  of  ma¬ 
terials,  Intruding  some  of  the  refractory  metals,  have  been  studied  exten¬ 
sively  daring  the  past  several  years.  Appropriate  equipMnt,  teetmiques, 
and  instriDBmtatlon  were  developed  for  Ratifying  the  various  critical 
factors  associated  with  ultrasonic  welding  energy  and  for  measuring  such 
factors,  imludlng  tonperatures  in  the  weld  zone  (U2-UU).  Szperlenee  and 
information  were  accumulated  for  welding  thin  gages  of  refractory  metals 
(such  as  columbim,  moljdxlenum,  tantalum,  and  tungsten)  and  of  superalloys 
(such  as  17-?  M,  iW-355,  J-l^OO,  Inconel  I,  and  Rene  la). 

Since  many  of  the  problems  encountered  in  welding  such  materials 
have  been  recognized  and  varlotuly,  thou^  not  completely,  solved,  refine¬ 
ment  and  pension  of  this  earllnr  work  to  the  heavier  gages  of  the  emdi- 
date  materials  are  needed. 


A.  Predicting  WBldabllity  and  Rswr  Requirements 


Qa  the  basis  of  earlier  fundamental,  ultrascmio-welding  ^search, 
a  first-approximation  criterion  for  determining  the  weldability  of  a  given 
material  in  terms  of  thickness  axd.  acoustical  energy  was  posttaated  and 
defined  by  the  equation  CU^)i 


E 


•  K  g3/2  ^3/2 


idiere  S  is  the  acoustical  energy  in  Joules  (watt -seconds),  H  is  the 
Vickers  ndcrolndentation  hardness  number  of  tto  material,  t  is  the 
thickness  of  the  ^dneet  in  inches,  and  E  is  a  linear  constant  uhich  in¬ 
corporates  other  contributing  variables. 

Since  this  mmrgj  equation  was  Initially  derived  from  experimen¬ 
tal  data  obtained  over  a  period  of  time  for  both  common  and  exotic  materials, 
predicting  the  weldability  of  a  new  material  by  this  means  has  proved  to  be 
reasonably  accurate  within  tto  thickness  range  so  far  studied.  For  thicker 
:mterials,  however,  modification  of  the  equation  may  be  necessary.  Energy 
iwqiiirwBents  for  welding  up  to  O.l-lndh-thlck  refractory  materiia  wore  calcu¬ 
lated  and  are  given  In^Column  3  of  Table  The  relevant  acoustical  power 
at  various  welding  Intervals  is  given  in  Columns  U  through  6  of  the  table. 
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fable  5 

ESTIMAfS)  ICODSTICiL  ESISGI  AND  RWBR  RSQDIRED» 
TO  mm  KATERIAIS  0.1>IBCH  THICK  IN  ANNEAm)  CR 
STHSSS-BEUBTSD  CONDTTICK 


Power  Requiredy  Inr 


KaterliO. 

Energy 

Requlredf 

kv-seo 

At 

0.1 

sec 

At 

0.5 

see 

At 

1.0 

sec 

Ren^  111 

300 

10.3 

103 

21 

10 

Mo-0.5  T1 

265 

9.2 

92 

18 

9.2 

Tungsten 

300 

10.3 

103 

21 

10 

AM-355 

M  W  «M 

-  -  -Not  yet 

available-  • 

Ineonel  X 

135 

2.9 

29 

5.8 

2.9 

D-31 

238 

7.5 

7? 

15 

7.5 

*  ]|^sed  on  equatlont  E  •  K  h3/^ 

««fickers  mieroindantatiozi  harcbiess  ntnober* 


tloder  certain  circtmstances,  very  short  weldli^  intervals  say  be 
mandatory.  Wien  a  material  has  a  ductile  range  at  a  sometrtiat  elevated  tera- 
peratnre,  hcwever,  the  desired  result  can  sometlsws  be  produced  with  a 
fairly  long  interval  (such  as  1  second)  at  low  power  preceding  a  second 
short  interval  at  hi^  power. 

Considerable  data,  as  well  as  experience,  are  required  before  the 
power  requirements  for  the  materials  of  interest  in  this  program  can  be 
firmly  establislMd.  As  is  evident,  the  power  required  of  the  welding  equip¬ 
ment  will  be  high  Wien  the  requisite  welding  Interval  is  short. 


B.  Clamping  Force  Determination 

Experience  has  Wiom  that  the  minimum  power  recpilred  to  produce  a 
good  weld  is  associated  with  a  clamping  force  which,  within  certain  limits, 
permits  the  best  Impedance  match  with  the  weldment,  feehnlques  that  have 
been  developed  for  establishing  the  best  clamping  force  are  described  in 
ttie  following  subsections. 


1.  Thi»eshold-Curve  or  Nugget-Pullout  Method 

Clamping  force  requirattents  for  reasonably  malleable  materials 
az^  established  by  a  method  based  on  weld  evaluation  by  a  peel  test  (U2, 
Walds  are  made  at  one  clamping  force  and  one  welding  interval  but  at  de¬ 
creasing  power  as  long  as  the  welds  fail  the  peel  test  by  nugget  pullout. 
This  procedure  is  repeated  at  various  clamping  forces  to  obtain  data  for 
establishing  a  power tdamplng  force  curve.  The  minimum  of  the  curve  corre¬ 
sponds  to  the  optimum  d.amping  force.  Biis  curve  may  also  be  used  as  a 
threshold  curve  fear  welding  as  it  indicates  the  threshold  power,  or  mini¬ 
mum  energy  conditions  Of!EC),  for  welding. 


2.  Thermal-Re sponse  Method 

For  brittle  materials,  the  nugget-pullout  test  is  not  feasible, 
so  the  thermal  response  (temperature  in  the  weld  zone,  itself)  is  used 
to  establish  clamping  force  requirements.  For  a  fixed  power  setting  the 
temperature  in  the  weld  zone,  irrespective  of  weld  quality,  is  approxi¬ 
mately  maximum  at  the  clauqjing  force  associated  with  the  minimom  of  the 
power* clamping  force  curve.  Thus,  for  brittle  materials,  a  convex  upward 
curve  of  temperature  tclaaplng  force  can  be  obtained.  With  this  thermal- 
response  method,  it  is  necessary  to  ascertain  the  power  setting  required  to 
produce  a  weld  at  each  clamping  force,  idiereas  with  the  nugget-pullout 
method,  the  power  value  is  obtained  at  the  same  time  as  is  the  clampli^ 
force  level. 


t 
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3»  Stand±ng-Wa7e-Ratlo  Method 

Kie  power  delivered  by  amy  oltraaonie  transducer-coupling  system 
can  be  monitored  by  observing  the  standing  elastic  wave  ratio  existent  on  the 
coupler!  a  standing-wave-ratio  method  is  used  to  establish  clamping-force 
values  at  a  fixed  power  setting  Microphone-type  elonents  are  used 

to  detect  the  standing-wave  pattern  along  the  transmitting  system  and  to 
measure  the  ratio  of  maxlmumiminlmum  particle  displacement  along  the  acous¬ 
tic  coupler  (the  as8o<d.ated  standing-wave  ratio).  This  is  accomplished  by 
applying  the  electrical  signals  derived  fron  the  microphone  elements  to  the 
vertical  and  horizontal  deflection  plates  of  an  oscilloscope i  the  result  is 
a  varying  elliptical  pattern,  tl»  area  of  which  is  proportional  to  the 
mechanical  power  passing  throng  the  instrumented  portion  of  the  coupler 
at  any  instant. 

There  is  also  a  direct  relationship  between  the  thickness  of  a 
material  and  the  elaiiplng  force  necessary  to  produce  an  ultrasonic  weld  at 
a  minimum  power  level  (1^).  With  the  clamping  force  established  for  a 
specific  thickness  of  a  given  material,  the  best  Impedance  match  between 
the  sonotrode  tip  ard  the  weldment  can  be  obtained  so  that  delivery  of 
energy  into  the  weld  area  is  maximized. 


C.  Weld-Zone  Tea^rature  Measurements 


Elevated  temperatures  In  the  weld  zone  may  cause  recrystallization 
with  consequent  degradation  of  the  weldment  material.  Reliable  methods 
have  been  developed  for  iwasurlng  weld-zone  toi^rature  rise  during  vibra¬ 
tory  wading  by  meltable-insert  and  precision  single-wire  themocouple 
insert  techniques.  Examination  of  the  earlier  experimental  data  thus  ob¬ 
tained  (!i.6)  shows  that  the  temperatures  obtained  at  the  weld  interface  are 
ordinarily  only  of  the  absolute  melting  point  of  the  weldment  ma¬ 

terial.  In  general,  the  reeiystallization  of  a  metal  depends  upon  its 
prior  conditioning,  so  the  recrystallization  temperatures  given  in  Table  6 
are  inteMed  as  representative  approximations  expressed  as  percentages  of 
absolute  melting  points.  Although  the  temperatures  shown  in  the  table  are 
at  the  high  end  of  the  homologous  temperature  range,  associated  with 

ultrasonic  welding,  recrystallization  of  the  weldment  usually  can  be  avoided 
by  welding  at  the  minimum  energy  condition. 


D.  Experiflwntal  Equipnent 

The  welding  energy  requiraaents  for  each  gage  of  each  material 
listed  in  Table  7  will  be  calculated  from  the  previously  discussed  energy 
equation  when  the  Tickers  mlcroindentation  hardness  nu^ers  have  been 
established  for  all  of  the  materials. 


Tabl«  6 

ccmxmm  or  waTrao  points  and  recrtstallization 

TMFBEtiTDRBS  OP  FOIE  RiPIULOrCill  KUAXiS 

Melting  Point  Reeiystalliiatlon  Temperattire 

^  of  Absolnte 


Material 

•o 

•1 

•c 

•r 

Melting  Point 

Mo-0*5  T1 

2625 

2898 

1100 

1373 

U7 

Tung at en 

3I1IO 

3683 

moo 

1673 

k7 

D-31  iaioy 

2ia5 

2^8 

1000 

1273 

I47 

TantaluB 

2996 

3269 

1300 

1^73 

hB 

1$ 


Table  7 


MTERIAI^  ORDERED  FOR  FH&SB  I 


Thick- 

Quan- 

nessy 

tity, 

Material 

Sonree 

Inch 

ft^ 

Rene  lil 

Hamilton  Watch  Co. 

0.008 

2 

III 

CVI 

o  o  o 

... 

Mo-0.5  Ti 

OhiTereal  Cyclops 

.010 

3 

.015 

3 

.020 

1 

.030 

1 

Tongeten 

Fansteel  Metal- 

.cao 

2 

Inrgieal  Corp. 

.015 

1 

.020 

1 

.030 

1 

AM-355*» 

Source  for  thickness 

range  of 

Interest 

and  small  quantity  required  not  yet 

located. 

Ijieonel  Z 

Whitehead  Metals 

.010 

1 

.020 

2 

.031 

1 

.0U3 

1 

D-31  ^1107 

E.  I.  duPont 

.010 

3 

deNemoors  &  Co. 

.015 

1-1/2 

-  ■■  ■ 

0.025 

1 

«  material  prooored  in  the  annealed  and/or 
etreee-relief -annealed  condition. 


•»Not  on  hand  as  of  1^  September  1961. 
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For  each  material  thickneas  and  combinations  thereof,  a  best  Im¬ 
pedance  match  into  the  weldment  will  be  established  hs-  •Uie  minimum  energF 
condition  approach*  In  order  to  extend  the  weld^le  thickness  for  each 
weldment  material  to  the  limit  of  the  presently  available  equipment  or  of 
the  proposed  jnry-xlgged  equipment,  a  thickness  range  fcnr  each  material  was 
estimated  on  the  basis  of  previous  work  and  on  vi^ues  computed  from  the 
energy  equatioi  (Table  8). 


E*  Experimental  Procedure 

The  experimental  work  follows  a  well-established  pattern  beginning 
with  the  preparation  of  materials  azui  proceeding  throu#  the  (^termination 
of  weldiz^  machine  settings,  generation  of  welds,  and  eiraluation  of  results* 


1*  Material  Inspeotion  and  Preparatiwi 

Inspecticm  of  materials  for  cracks  and  oth«  imperfections,  lAich 
are  likely  to  interfere  with  the  welding  process,  is  particularly  iBq>ortant 
when  materials  are  brittle  and,  therefore,  more  susceptible  to  cracking* 
Inspection  for  surface  oil,  scale,  or  oxiM,  which  irost  be  removed  by  suita¬ 
ble  chemical  or  mechanical  means  prior  to  weldiJ^,  is  also  iaportant* 


2.  Abiding  Machine  Settings 

The  requisite  welding  energy,  estimated  by  means  of  the  energy 
equation,  is  used  to  adjust  the  power  level  for  welding  at  weld  intervals 
ranging  from  l/2  to  1  second* 

Depending  on  the  properties  of  the  weldment  material,  clamping 
force  at  minimum  energy  ecmditlon  is  ascertained  by  one  of  three  methocist 
thi^ahold  curves,  thermal  response  (BiF),  or  standing  wave  ratio  (SWR)* 

The  first  method  is  satisfactory  for  thin,  ductile  materials  but  Canncrt  be 
used  with  brittle  or  heavier  gage  materials*  Ih  the  present  work,  with  ttie 
refractory  materials,  both  llie  otiier  two  methods  are  satisfactory  for  estab¬ 
lishing  clamping-force  levels* 


3*  Wsld  Evaluations 

rik.  weld  charaoteristles  ^  evaluated  on  the  basis  of  one  or 
more  of  the  foUowii^  methods  t  tensile-shear  strength  determination,  erose- 
tsnsion  strength  teste,  microscopic  smrfaee  Inspection,  x-ray  inspection  of 
the  subsurface,  and  metallographic  study  of  the  weld  section  and/^  pro¬ 
gressive  planar  sections*  a 
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Table  8 

ESTIMTED  WEZDIKQ  ENEROI*  FCR  AVAILABIE  GAGES 
(F  MATERItt  FCR  FHASB  I  INVESTIGATIGR 


Material^m 

Average 

VWHhhi 

Value 

Gage, 

Inch 

Abiding 

Energy*, 

kv/sec 

Rene  1|1 

300 

0.008 

0.3 

.020 

1.0 

.oUo 

2.0 

Ho-0.5  Ti 

265 

.010 

.3 

.015 

.6 

.020 

1.0 

.030 

2.0 

Tungsten 

300 

.010 

.3 

.01^ 

.6 

.020 

1.0 

.030 

2.0 

AK-3^^ 

Information  not 

available 

at  this  time 

Inconel  Z 

133 

.020 

.3 

.031 

.6 

.0U3 

1.0 

D-31  AII07 

2U0 

.010 

.3  .v:> 

.015 

.  .6  " 

0.025 

1.0 

#  Calculated  from  energ7  equation. 


^  All  materials  procured  in  annealed 

and/or  stress-relief -annealed  condition. 

*iHr7icker'8  microindentation  hardness 
number. 
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P*  Energy  lequirements  and  Glamplng  Force 

fhe  experimental  work  for  tlse  present  program  was  initiated  with 
O.OlO-lndi  tungsten.  The  surface  Inspection  for  this  naterial  failed  to 
rereal  any  serious  imperfections  (Table  9)$  xad  the  test  speeimei^  ware 
degreased  with  Pennsalt  A-27  cleaner  prior  to  welding.  A  laboratory-type 
instruasnted  welder,  accommodating  a  standard  2-kw  wedge-xaed  transdu^r- 
coupling  system  ani  a  standard  reaction  anwil,  was  used  in  these  first 
tests. 


Prom  the  mergy  equaticm,  about  300  watt-seconds  was  estimated 
as  Uke  energy  required  to  weM  the  O.OlO-incb  material.  Aceordii^y,  in 
scouting  testa  to  establish  the  proper  claaping-foree  level,  tlw  liput 
power  was  arbitrarily  adjusted  to  somendiat  oirer  300  watts  and  the  weld 
Interval  was  set  at  1  second. 

Because  of  the  brittle  nature  of  tungsten,  the  clamping  force 
for  this  material  was  determined  by  both  the  weld-zone  teiqserature  (by 
single  fine  wire,  3-mil  Gonatfoitan  thermoeonple)  and  the  standing-wave- 
ratlo  techniques}  a  typical  wald-interfaee-temperaiuro*profile  as  shown 
in  Fig.  2A,  was  obtaj^ed  with  the  slngle-^re  thervoeouple  located  approxi¬ 
mately  in  the  center  of  the  weld.  Thermal  values  are  plotted  in  Fig.  2B, 
for  clamping  forces  in  the  range  of  100  to  7^0  pounds— the  maximum  tempera¬ 
ture  corresponds  to  a  clamping  force  of  2^  pounds.  ‘With  the  standing- 
wave-ratio  technique,  a  damping  force  of  about  300  pounds  was  indicated 
by  the  ellipse  area  depicted  on  Ihe  oscilloscope.  On  the  basis  of  these 
two  sets  of  measurmnents,  the  l^st  clanging  force  for  O.OlO-incdi  tungsten 
appears  to  be  2^0  to  300  pounds. 


Table  9 


DkTA  ON  SURFJiCE  IKSFBCTIGN 
OF  SPDCIMENS  OF  FODR  M&TERIftLS 

General  surface  orer  all  test  speci¬ 
mens  was  flat,  except  for  D-31  speci¬ 
mens  uhleh  had  wary  surface. 


Material 

Gage, 

iach 

Surface 

Roughness, 

mlcrolnches 

Mo-O.^  Ti 

0.010 

15  ♦  2 

Tungsten 

.011 

30  ^  3 

.015 

15  ♦  1 

.020 

20  ♦  3 

.032 

38  *  3 

Inconel  X 

.020 

5*1 

.033 

20  ♦  2 

.OUO 

25  ♦  3 

D-31 

.005 

12+3 

.010 

6+1 

.015 

li  *  i 

0.020 

U  + 1 
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ACOUSnCAL  MkTSmLS  SIMgEI 


“Surrey  of  current  and  projected  state-of-art  mteriala  for  their 
application  as  transducers  and  associated  eqaii»ent  wi'i^  tte  ob¬ 
jective  of  delivering  sufficient  power  to  join  the  selected  ma¬ 
terials  in  thicknesses  up  to  0,100  inch.* 


A*  Transducer  Materials  (30» 

“Transducers  and  associated  equipment*  embrace  the  entire  electro- 
acoustical  system  from  the  connections  for  electrical  energy  Input  to  the 
point  of  vibratory  energy  output,  the  locale  where  the  transducer-coupling 
system  contacts  the  area  of  weld  generation. 

During  recent  years,  a  wide  variety  of  magnet ostrletlve  materials 
have  been  eviQ.ua ted  and  used  In  e^qperimental  and  production-type  ultrasonic 
welding  arrays  I  ttese  Include  27  l^rmendnr,  Alfenol,  “A*  nickel,  and  nickel- 
cobalt  (2Qb)  alloy.  Such  Materials  have  a  lower  efflclaiey  than  s(»e  of 
the  electrostrlctlve  ceraisicss  however,  with  metallurgloal  methods  such  as 
brazing,  rugged  and  durable  systems  that  are  relatively  insensitive  to 
overloading  can  be  built. 

Furtiiermore,  such  systems  can  be  operated  without  permanent 
damage  at  temperatures  much  higher  than  could  be  tolerated  by  any  ceramic 
available  until  recently.  Nickel  has  been  the  most  effective  and  widely 
used  of  the  magnetostrictlve  materials.  Host  ultrasonic  welding  equipment 
incorporates  laminated  stacks  of  thin,  annealed  “A*  nickel  sheets  i^ich 
are  satisfactory  for  heavy-duty,  continuous  operation. 

The  electrostrlctlve  barium  titanate  ceramic,  currently  used  in 
certain  types  of  ultrasonic  eqplpment,  dates  back  to  about  1950  when  the 
material  was  extensively  investigated  aiul  used  in  ultrasonic  arrays  for 
solid-state  metal  treatment.  Since  that  time,  barium  titanate  has  been 
used  in  ultrasonic  arrays  for  various  purposes.  HhUe  Its  electroBechani- 
cal  conversion  efficiency  is  higher  than  that  of  nrngnetostrlctlve  materials, 
it  has  not  been  used  extensively  in  production-type  ultrasonic  welding 
equipmrat  because  ceramic  transducers  of  this  type  are  fragile  and  some¬ 
what  difficult  to  install  in  coupling  systems  on  a  practical  basis. 
Furthermore,  Its  low  Curie  point  (approximately  ll5*C)  introduces  a  major 
cooling  problem  —  overheating  must  be  prevented  to  avoid  depolarization. 
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Recently,  effort  has  been  directed  toward  the  deTSlopment  of  new 
ceramic  materials  which  will  withstand  hi^  temperatures*  These  newer 
ceramics  include  such  family  groups  as  titanates,  niohates,  tantalates, 
and  zirconates*  One  of  the  most  promising  of  the  new  materials  is  lead 
zlrconate  titanate,  which  has  a  reported  Curie  temperature  of  about  3U0*C 
and  a  high  electromechanical  coupling  coefficient*  Large-size  transducers 
have  been  fabricated  from  this  material  (designated  Brush  Type  PZT-U  and 
PZT-5)  and  evaluated* 

In  order  to  bring  the  transducer  problems  into  sharp  focus,  avail¬ 
able  data  on  magnetostrictive  and  electrostrictive  types  have  been  compiled 
or  calculated  and  are  summarized  in  Table  10.  Of  immediate  Interest,  is 
the  electromechanical  coupling  coefficient,  the  reported  power-handling 
capacity.  Curie  temperature,  thermal  conductivity,  and  diffusivity  data. 

The  electromechanical  coupling  coefficient  serves  as  an  index  of 
how  closely  the  electrical  and  medianical  portions  of  the  transducer  are 
coupled.  The  higher  this  coupling  is,  the  less  iii5)ortant  does  the  precise 
tuning  of  a  system  become  and  the  higher  the  resulting  transduction  effi-, 
ciency.  Losses  associated  with  conversion  of  the  stored  mechanical  energy 
to  the  "delivered"  vibratory  energy,  however,  are  not  Included  in  the  elec¬ 
tromechanical  coupling  coefficient*  The  power-handling  capacity,  based  on 
data  from  various  sources,  refers  to  various  candidate  units  under  continuous- 
duty  operation  with  only  moderate  cooling*  The  thermal  characteristics  are 
of  importance  because  they  set  limiting  conditions  on  the  factors  mentioned. 
The  Curie  temperature  cannot  be  exceeded  without  temporary  (for  magnetostric¬ 
tive)  or  permanent  (for  electrostrictive)  damage  to  the  transducer. 


B.  Coupler  Materials  (30,  59-6?) 


Parallel  with  evaluation  of  transducer  materials  over  the  past 
years,  continuing  studies  of  candidate  coupler  materials  have  been  carried 
out,  and  the  problems  involved  in  the  selection  of  coupler  materials  for 
specific  applications  have  been  recognized. 

Couplers  for  ultrasonic  welding  systems  ordinarily  do  not  have 
difficult  high  temperature  restrictions,  so  the  requirements  are  fairly 
straightforward.  Primarily,  the  coupler  must  be  made  of  a  material  idiich 
will  transmit  high  cyclic  elastic  forces  with  low  energy  losses  in  the 
frequency  range  of  interest.  In  addition,  the  material  must  have  engi¬ 
neering  practicability,  that  is,  must  be  capable  of  sustaining  the  static 
loads  imposed  on  it,  must  be  readily  available  in  suitable  sizes,  should 
be  easily  fabricated,  and  almost  certainly  must  be  metallurgically  joinable 
(weldable  or  brazable). 

The  background,  which  serves  as  the  basis  of  this  survey  has  in¬ 
cluded  studies,  sometimes  cursory  and  sometimes  in  depth,  of  such  materials 


Table  10 

PROIERTIES  OF  TRANSDUCER  MATERIALS 


Electrostrictive  Magnetostrictive 


Multi- 

Lead  Titanate 
Zirconate 

Barium 

Lead 

Metani- 

Nickel 

27  Per- 

plier* 

Titanate 

obate 

“A” 

C20U) 

mendur 

Alfenol 

Electromechanical  Coupling 
Coefficient  (k-j-j) 

10^ 

0.67li‘-‘»* 

0.675 

o.5o*«* 

o.Uo 

0.31 

O.3O-.35 

0.51 

0,50-, 60 

0.27 

O.23-.3O 

0.27 

O.27-.29 

Reported  Power-  Hanging 
Capacity,  watts/m^ 

1^ 

12 

8 

9 

12 

Piezoelectric  Strain  Con¬ 
stant,  m/volt 

10"^ 

256 

320 

1^0 

90 

Magnetostrictive  Stress 
Constant  (A), 
newtons/weber 

10^ 

16.7-20 

32 

6.7 

Curie  Temperature,  (*0) 

3U0 

3li0 

120 

500 

360 

Ulo 

525 

500 

Density  (p),  kg/m^  -  " 

10^ 

7.^ 

7.5 

^.9 

8.89 

8.9 

8.15 

6.7 

Velocity  of  Sound  (c),  m/sec 

3960 

3780 

5680 

3125 

U780 

U790 

5260 

U500 

Characteristic  Specific  Imped¬ 
ance  CZj^)»  kg/m2-sec 

lo"^ 

2.97 

2.83 

2.75 

1.8U 

U.36 

U.30 

U.30 

3.02 

Specific  Heat,  kcal^g-*C 

OolO 

0.10 

0,12 

0,13 

0.13 

Thermal  Conductivity  (K) 
Ckcal“m)/m^sec=*C 

10“^ 

0.30 

0.30 

0.60 

lU.5 

12.1 

Thermal  Diffusivity  (oC  ), 
mVseo  -  „ 

10“^ 

o.Uo 

0.91 

12.5 

10.5 

Linear  Coefficient  of 

Thermal  Expansion 
(isotropic),  m/(m-*C) 

10°^ 

0.22-.li0 

0.22 

1*9 

1.33 

1.33 

0.95 

Driving  Impedance 

-  -  -Intermediateiftf-  -  = 

Adjusted  by  controlling  number  of 
coil  turns 

Practical  Joining  Ifethods 

=  =  -Adhesives 

or  Mechanical-  -  = 

=  =  =  -Brazing-  =  - 

=  =  =  = 

*  Multiply  each  item  of  data  by  multiplier  indicated  for  the  property.  -iwiOO'C. 
§  Determined  for  continuous  operation  tn.th  only  moderate  cooling. 

^^rive  voltage  (E)  is  in  range  of  500-1000  volts/mm  thickness  of  ceramic. 


as  titanium,  aluminum,  R  Monel,  K  Monel,  and,  recently,  aluminum  bronze* 

The  practical  application  is  interesting!  for  example,  the  replacement  of 
a  steel  coupler  with  one  made  of  K  Monel  in  one  type  of  seam-welding  unit 
permitted  an  increase  of  up  to  2  gages  in  the  thickness  of  the  material 
that  could  be  effectively  welded  at  a  constant  electrical  energy  input, 
primarily  because  the  coupler  material  did  not  seriously  attenuate  acoustic 
energy  in  the  operating  frequency  range  of  the  machine. 

Titanium  may  be  an  effective  coupler  material,  since  it  has  a 
very  high  "Q**  at  high  strain  levels  and,  accordingly,  transmits  vibratory 
energy  with  relatively  little  attenuation.  In  order  to  bring  the  problem 
of  coupling  materials  into  perspective,  relevant  data  for  coupler  materials 
presently  being  considered  are  summarized  in  Tables  11,  12,  and  13. 

The  path  of  vibratory  energy  is  froti  the  transducer  through  the 
inteimediate  coupling  elements  to  the  teminal  element  or  welding  tip  and 
tiltimately  to  the  weld  interface.  As  indicated  earlier,  the  transmission 
of  this  energy  is  not  straightforward,  and  careful  attention  to  material 
properties  and  acoustical  design  detail  is  necessary  throughout  the  entire 
transmission  system. 

Maximimi  power  transmission  can  occur  only  when  the  impedances 
of  the  component  elements  are  properly  matched  at  their  junctions,  and  the 
components  are  made  of  material  that  transmits  vibratory  energy  with  mlnimiM 
attenuation.  Ifader  idealized  conditions,  no  standing  waves  exist  in  the 
coupling  system,  and,  therefore,  all  parts  of  the  syetem  are  subject  to  the 
same  cyclic  strain  and  maximum  power  delivery.  As  stated  previously, 
ideally  the  impedance  at  the  junctions  between  the  various  components  of 
the  transducer-coupling  system  should  match,  but  in  practice  this  can  not 
always  be  accomplished  (as,  for  example,  at  the  wedge-reed  joint  in  a  wedge- 
reed  spot-type  welder). 

Table  lit  shows  the  percentage  of  energy  transmitted  across  the 
interface  between  the  Indicated  transducer  and  coupler  materials.  This 
is  determined  for  the  case  of  equal  areas  from  the  equation: 


T 


1 


“  P2°2\  ^ 


X  100, 


where  T  «  the  percentage  of  incident  energy  transmitted  across  the  interface 

Pj^Cj^  »  the  specific  acoustic  impedance  of  one  materisiL  (p  “  density, 
c  “  thin  rod  sound  velocity) 

^2°2  "  specific  acoustic  impedance  of  the  second  material  (68) » 


*«Q»!  ig  2Tt  times  the  ratio  of  the  total  stored  energy  at  resonance  to  the 
average  energy  dissipated  per  cycle. 
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Table  11 

PHTSrCAI.  AKD  MECHAKICAL  mOPERTIES  (AT  ROCM  TEMPERATURE) 
OP  CANDIDATE  CODPtSl  MATERIAIS 


Multi¬ 
ply  by* 

Aluminum 

Bronze 

Beryllium 

Copper 

Inconel  X 

K  Monel 

Stainless 
Steel  (Ser¬ 
ies  300) 

Steel 
(Carpen¬ 
ter  883) 

Titanium 

(6A1-UT) 

Density  (p),  kg/m^ 

10^ 

7.60 

Physical  Properties 

8.23  8.51 

8.U6 

7.90 

7.8U 

U.U3 

Linear  Coefficient  of  Ther¬ 
mal  Expansion,  ra/(jn-*C.) 

10“^ 

1.62 

1.67 

1.37 

1.UU 

1.73 

1.10 

0.95 

Thermal  Conductivitv  (K), 
(kcal-in)/(m2-sec-*C) 

10-3 

lU.7 

13.7 

3.0 

U.2 

3.8 

6.7 

1.7 

Thermal  Dlffusivity  fyc)**, 
n^/mc 

o 

H 

21,^ 

16.6 

3.2 

3.9 

U.O 

7.7 

2.9 

Mechanical  Properties 

Toung’s  Modulus  (E), 
newtons/mS 

10^° 

10.7 

11.7 

21  .U 

17.3 

19.3 

20.U 

n.U 

Shear  Modulus  (yi) 
newtons/m^ 

10^° 

U.o 

1^.3 

8.3 

6.6 

7.5 

7.8 

U.3 

Ultimate  Tensile 

Strongtdi,  newtons/m^ 

10® 

6. 2-6, 6 

U.1-5.9 

11.5 

6.2-7. 6 

6.2 

7.2 

9.U 

Yield  Strength  (0#2^ 
offset),  nevtona/w^ 

10® 

3 

l.U-6.5 

6.2 

2.7-lt.l 

2.U 

U.7 

8.9 

*  Multiply  each  item  of  <iata  by  the  multiplier  indicated  for  the  property# 
*»  <  ■  K/pS,  Khere  S  »  specific  heat. 


Table  12 


ACOUSTBT  FROFERTIES  OP  CANDIDATE  CODira  iATERIAl.S 


Stainless 

Steel 

Multi- 

iCLuminun 

Beryllium 

Steel  (Ser- 

(Cai^n- 

Titanium 

ply  by* 

Bronze 

Copper 

Inconel  X 

K  Monel 

ies  300) 

ter  883) 

(6ai-i*v) 

Young’s  Modulus  Cb)> 
newtons/m^^^ 

IqIO 

10.7 

11.7 

21  .U 

17.3 

19.3 

20.1* 

11.1* 

Shear  Modulus  ({i) 
newtons/mZ 

10^° 

h.O 

h.3 

8.3 

6.6 

7.5 

7.8 

1*.3 

Poisson’s  Ratio 

0,350 

0.350 

0.290 

0,320 

0,285 

0.300 

0.31*0 

felocity,  m/ sec 

Shear  Velocity  (c^)** 

2280 

2310 

3110 

2760 

311*0 

3160 

3100 

Rod  Velocity  (e^^)*** 
BipedancOj)  kg/sec-m® 

107 

3750 

3800 

5000 

iih80 

5030 

5100 

5076 

Shear  (Zg)** 

1.73 

1.90 

_  2.65 

2.3S 

2.]|8 

2.1*7 

1.37 

Characteristic  Speci- 

2.8^ 

3.12 

U.25 

3.79 

3.97 

3.98 

2.i5 

fic  (2/)** 

■ 

*  Multiply  ea<di  item  of  data  by  the  multiplier  indicated  for  the  property. 

«*  soldi  ■  B/pj  represents  longitudinal  or  thin  rod  Telocity. 

***  "1(15  and  ■  i/Sp. 


Table  13 


MACHINING  AND  JOINING  CHARACTERISTICS^ 
OF  CANDIDATE  CODHSR  MATERIALS 


Coupler  Material 

Machining 

Welding 

Brazing 

References 

Aluminum  Bronze 

1 

1 

1 

62 

Beryllium  Copper 

1 

1 

1 

30 

Inconel  X 

1 

1 

1 

30,  63 

K  Monel 

2 

1 

2 

65 

Stainless  Steel 
(300  Series) 

1 

1 

1 

30 

Steel  (Carpenter 
883) 

1 

1 

1 

30 

Titanium  (6a1-U7) 

2 

2 

30 

«■  It  Not  difficult,  satisfactoiT 
2  f  Somewhat  difficult » 

■iHJData  concerning  the  performance  of  welded  joints  are  not 
arailable . 


Table  lil 

DffiSDMCE  MATCHING  BETWEEN  CANDIDATE  COUHJR 
AND  TRANSDICER  MATERIALS 


%  Transmission  Across  Interface  Between  In¬ 
dicated  Coupler  and  Transducer  Materials 


Transducer  Materials  and  Longitudinal 
Impedance  10 »  (kg/sec-nZ) _ 


Lead  Titanate 

Zirconate  Barium 

Nickel 

Coupler 

PZT-li 

2.97 

pzt-5 

2.83 

Titanate 

i*.36 

(20li) 

i4.30 

Material 

2.75 

Aluminum  Bronze 

2o85 

99.2 

100.0 

100.0 

95.6 

95-9 

Beryllium  Copper 

3*12 

99  .li 

99.8 

99.7 

97.3 

97.5 

Inconel  X 

96.8 

96.0 

95.8 

lOJ.O 

100,0 

K  Monel 

3.79 

98.5 

97.9 

97.7 

99.5 

99.6 

Stainless  Steel 
(Series  300) 

3.97 

97.9 

97.2 

97.0 

99.8 

99.8 

Steel  (Carpenter 
883) 

3.98 

97.7 

97.2 

97-0 

99.8 

99.8 

Titanium 

(6Al-iiV) 

2.25 

98.1 

98.7 

98.8 

89.8 

90.il 

w 


Recent  theoretic^,  considerations  (U6)  indicate  that  the  power 
that  can  he  transmitted  by  any  elastic  system  is  defined  by  itoe  equationi 


m 


2 

y/Erp 


Tdiere  P  •  the  maximum  power 
m 

A  ■  the  cross-sectional  area  of  the  coupler  or  wave  guide 


»  the  maximum  allowable  stress 

B  “  the  elastic  (Young’s)  modulus  for  the  material  of  which  the 
coupling  member  is  made 

p  “  the  density  of  this  material® 


The  maximum  power  that  can  be  delivered  by  a  transducer-couplii^  system  for 
welding  appears  to  be  Independent  of  frequenoy  pot  se,  but  it  does  depend 
upon  the  mechanical  and  physiotfL  properties  of  tEe  materials  of  which  the 
system  is  made*  Here  represents  the  maximum  allowable  stress  and 

represents  the  characteristic  specific  Impedance  for  the  material.  Thus,  it 
appears  that  the  ratio  is  a  figure  of  merit  for  the  potential  of 

any  material  for  use  as  an  acoustic  transmitter  in  high  powered  applications. 


Further  theoretical  considerations  (in  Appendix)  carried  out  in 
part  during  a  previous  study  (Ij^)  compared  the  strain-energy  density  asso¬ 
ciated  with  the  various  vibratory  modes  which  are  summarized  in  Table  1^. 
These  data  Indicate  that  the  ratio  of  the  maximum  strain  eiwrgy  to  materisO. 
density,  is  another  way  of  expressing  a  figure  of  merit  for  elastic 

materials • 


Application  of  Hooke’s  law  and  single  algebraic  manipulation  show 
that  the  earlier  figure  of  merit  is  equivalent  to  8«/p  multiplied  by  the 
characteristic  Impedance  of  the  material.  Thus,  it  fs  clear  that  either 
ratio 


P 


can  serve  as  a  useful  guide  in  any  preliminary  screening  for  candidate 
materials. 


The  mechanism  by  ^diich  energy  is  dissipated  in  the  metal  coupling 
members  is  usually  teiroed  internal  friction  (69).  For  our  application  it 
is  desirable  that  ttie  coupler  material  offer  minimum  Internal  friction  to 
the  transmission  of  vibratory  energy  In  the  frequency  range  of  interest. 
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Table 


TTPTGAI.  PHTSnm  MD  MECHAKKAL  HIOJERTIES 
(F  CANDimTE  TIP  MATSRIAI5 


Multi- 

Steel 

lAConel 

Holjb- 

pli^^ 

M-2 

T-2  Ii3lt0 

X 

K  Monel 

Rene  la 

Astrol^ 

denum 

Mo-0.5Ti 

Density  (p),  Ib/in^ 

0.293 

Ft^ic^  Properties 
0.312  0.280  0.298 

O.30I4 

0.296 

0.287 

0.369 

0.368 

Linear  Coefficient  of 
Thermal  Ixpansicuy 
in./(in.-*F) 

10-^ 

6.2 

7.6 

8.0 

6.5 

2.7 

3.1 

Thennal  Conductivity  (K), 
(Btu-in*)/ft2->hr-^*F..  . 

85 

122 

63 

936 

936 

Thermal  Dilfusivity  ' 
ftVte 

0.131 

0.152 

0.095 

1.9lt 

2.01 

Specific  Hea-t  (S), 
Btu/(lb-*P) 

0.115 

0.105 

0.127 

0.108 

0.063 

0.061 

V 

Mechanical  Piwperties 

Toung’s  MocIuItis,  pgl 

10^ 

31 

25.1 

31.6 

1|6 

I16 

Tensile  Strength,  pel 

191,000 

162,000 

lli0,000 

160,000 

19l»,000 

102,200 

132,000 

Yield  Strength  (0*2% 
offset),  pal 

180,000 

92,t)00 

100,000 

120,000 

m2,000 

78,800 

99,500 

Poissons  Ratio 

0.290 

0.320 

0.310 

0.310 

0.310 

Rockwell  0  Hardness 

Ran^ 

62-66 

61-66  la 

20-28 

21-28 

-  - 

. . 

*  Multiply  each  item  of  data  by  the  indicated  multiplier. 


In  summary,  coupling  components  shouldt 

1.  be  easily  fabricated  using  standard  machine  tools 

2.  be  easily  joined;  metallurgical  attachment  Is  most  desirable,  and 
for  very  hi^  power  properly  matched  systems,  it  is  probably  mandatory 

3.  have  good  fatigue  life 

4*  be  compatible  in  characteristic  specific  impedance  to  the  trans¬ 
ducer  and  terminal  elements;  that  is,  its  characteristic  impedance  must 
not  be  too  different  from  the  lnqjedance  of  the  other  components o 

5*  exhibit  low  internal  friction  at  high  strain  levels  and,  therefore, 
deliver  energy  with  minimum  attenuation. 

The  available  information  in  these  categories  for  materials  now  being  con¬ 
sidered  for  couplers  is  included  in  these  summary  tables. 


C,  Tip  Materials  (22,  30,  31,  3U,  6it,  6?,  70) 

During  the  delivery  of  vibratory  energy  to  the  weldment,  the 
terminal  tip  of  the  sonotrode  is  subjected  to  hl^  dynamic  stresses  and 
elevated  temperatures  for  short  time  periods  ~  these  conditions  can 
quickly  damage  a  tip.  The  relationship  of  tip  performance  to  the  dynamic 
stress  distribution  associated  with  the  tip-weldment  interface  (U6)  and  to 
the  physical  characteristics  of  various  tip  materials  has  been  considered 
previously. 

Ordinary  tool  steels  provide  satisfactory  performance  and  life 
in  welding  alTunlnum  or  copper  alloys,  while  Inconel  X  is  satisfactory  for 
welding  mild  steels,  titanium,  zirconium,  and  similar  alloys.  In  welding 
high-strength,  hl^-temperature,  and  hard,  brittle  metals  and  alloys,  the 
life  of  the  tool  steel  tips  so  far  used  have  been  short;  Inconel  X  in  the 
heat-treated  and  aged  condition  provides  a  substantial  improvement.  Type 
301  stainless  steel  can  be  welded  with  a  wide  range  of  tip  materials,  i^ile 
AM-35^  steel  is  more  critical.  Evaluation  of  several  tip  materials  showed 
only  Inconel  X  to  have  a  reasonable  tip  life  in  welding  this  material. 

The  relatively  new  nickel  alloy,  Astroloy*,  with  superior  hi^- 
temperature  properties,  exhibited  extended  life  and  good  welding  charac¬ 
teristics  in  joining  several  high-strength,  hi^-temperature  alloys. 

Several  kinds  of  spot-type  welding  tips  have  been  investigated 
(Section  V  of  this  report).  Examples  are  a  full  tip,  silver-brazed  to  the 
coupler,  and  a  tapered  insert  tip  xdiich  is  used  for  certain  materials  that 
are  obtainable  in^' only  rod  configuration,  cannot  be  readily  brazed,  or  are 

too  brittle  for  unsupported  use.  Previous  evaluation  studies  have  included 

^  -  ■  ■■ 

♦  Product  of  the  General  Electric  Company. 
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full  tips  of  tool  steel,  Inconel  X,  molybdenum-0,^  titanium,  Nitroloy,  and 
other  metals  and  have  Included  inserts  of  tool  steel,  tungsten  carbide, 
titanium  carbide,  K  Monel,  and  austenitic  manganese  steel.  Some  of  these 
materials  -Nere  found  to  crack  under  high  loads,  some  eroded  z^adlly  and 
required  frequent  redressing,  and  some  exhibited  excessive  sticking  to  the 
weldment. 


Infomation,  regarding  the  various  welder-tip  designs,  is  sum¬ 
marized  in  fables  17  and  18  in  Section  V,  The  tip  material  must  be  tough 
and  resistant  to  wear  so  that  the  tip  does  not  deform,  spall,  erode,  or 
crack  irtien  high  vibratory  power  is  applied;  also,  satisfactory  physical 
properties  must  be  retained  at  elevated  temperatures  which  depend  upon  the 
materials  being  welded.  Tip  materials  with  good  thermal  conductivity  are 
desirable  because  liquid  cooling  of  spot-type  welding-machine  tips  has 
alreadr  become  a  standard  machine  feature. 

However,  in  the  final  analysis,  tip  materials  must  be  tested 
under  actual  welding  conditions  before  a  proper  evaluation  can  be  made, 
Accordingly,  performance  data  for  the  more  promising  tip  materials  will 
be  obtained  and  reported  as  this  program  proceeds. 

Information  concerning  the  physical  and  medianical  properties  of 
promising  materials  for  the  fabrication  of  sonotrode  tips  and  disks,  is 
suimoarlzed  in  Table  1^,  At  the  present  time,  this  Information  is  Incoi^lete, 
but  additional  Information  is  expected  from  replies  to  our  letters  of  Inquiry, 


« 
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IV.  ACOUSfICAL  MATERIAI^  STUDY 


Determine  the  material  or  combination  of  materials  for  the  trans¬ 
ducer  and  associate  equipment  most  efficient  in  producing  a  dis¬ 
tortion-free  solid-state  bond. 


A,  Transducers 


The  suitability  of  candidate  transducer  materials  for  use  in  ultra¬ 
sonic  welding  equipment  is  being  evaluated  on  a  basis  that  reasonably  approxi¬ 
mates  tlM  end  Vise  ,  With  spot -type  welding  eqmipiMnt,  ttie  transducer  receives 
a  pulse  cf  electrical  energy  ordinarily  of  less  than  1-second  duration.  In 
roUsr-soam-type  equipment  the  energy  is  applied  continuously.  In  spot-type 
welding  the  transducer  may  have  a  relatively  easy  duty  cycle  in  which  its 
thermal  inertia  permits  the  acceptance  of  high  power  levels.  In  continuoiffl- 
seam  welding,  s1»ady-state  conditions  are  likely  to  prevail  so  that  trans¬ 
ducer  cooling  exercises  a  strong  influence  on  the  energy  which  the  system 
will  handle. 

The  energy  requirements  for  welding  the  refractory  materials  of 
Interest  In  this  investigation  were  estimated  on  the  basis  of  the  energy 
equation  (discussed  more  fully  in  Section  II)  and  hy  extrapolation  from  pre- 
vloc^ly  obtaii»d  dai»  for  tiwse  or  similar  materials .  These  emrgj  reepire- 
ments  will  be  refined  from  time  to  time  on  the  basis  of  experimental  data 
obtained,  as  the  work  proceeds. 

Transducers  are  routinely  evaluated  (71)  by  obtaining  a  motional 
Impedance  loop,  the  data  of  which  defines  ^e  resonant  frequency  of  the 
transducer,  the  “Q"  of  the  transducer  and  the  potential  transducer  efficiency. 
Such  loop  data  are  ordinarily  secured  by  means  of  inpedance  bridges  equipped 
with  oscillators  and  detectors.  The  motional-ijiipedance  loop,  hotwever,  is 
generally  ascertained  at  imtnunent  power  levels.  Previous  experience  (i|2) 
has  shown  that  transducers  can  be  evaluated  for  purposes  of  Interest  ly  a 
direct  calorimstric  teehni<pe  which  can  provide  important  ancillary  Infora- 
ation.  The  transducer  is  attached  to  a  coupling  member  in  a  manner  essen¬ 
tially  the  same  as  it  is  attached  to  a  weldii^  machine.  The  coupling  member, 
is  connected  directly  into  an  energy  absorber  such  as  a  large  block  of  lead 
(Fig.  3),  in  which  a  cooling  coil  carries  away  the  vibratory  energy  which 
is  degraded  to  heat  in  the  lead  billet. 

It  will  be  appreciated  that  the  calor^etric  method  permits  driving 
the  transducers  at  elevated  power  levels  which  can  be  either  pulsed  power  as 


required  fco*  spot-type  welding  systems  or  continuous  power  as  is  necessary 
for  continuous-roller-seam  welding  equipaent.  Moreover,  problems  of  trans¬ 
ducer  cooling  can  be  studied 5  in  the  interval  covered  by  this  report,  the 
evaluation  system  shown  in  Fig.  3  was  designed  and  partly  fabricated.  It 
is  expected  that  this  system  will  be  in  use  to  evaluate  transducer  materials 
prior  to  the  end  of  September.  Information  will  be  developed  on  the  better- 
known  candidate  materials  first,  particularly  lead  zirconate  bitanate,  the 
electrostrictive  PZT-U  from  Brush  Developnent  Company,  and  the  magneto- 
strictive  nickel  cobalt  alloy  from  International  Nickel  Company.  Basic 
information  on  standard  "A"  nickel  will  be  obtained.  Information  on  the 
over -all  efficiency  of  these  materials  under  powered  conditions  which 
approximate  end  use  in  ultrasonic  welding  should  be  shortly  available. 


B.  Couplers 


As  described  in  Section  III,  ,a  coupling  member  which  intervenes  be¬ 
tween  the  transducer  and  the  point  of  energy  delivery  into  the  weldment  pre¬ 
sents  three  distinct  problems: 

First:  It  Involves  energy  losses  due  to  reflections  at  the  transducer- 
coupler  interface  and  at  other  junctions  or  discontinuities  between  the 
transducer  and  the  point  of  energy  delivery.  Eef lection  losses  at  such 
junctions  are  minimized  idien  the  acoustical  properties  of  each  material 
are  about  the  same,  as  reported  in  Table  11. 

Second:  Losses  occur  in  a  coupling  member  as  a  result  of  elastic  hys¬ 
teresis  (that  is,  internal  friction);  such  losses  are  affected  by  both 
power  level  and  frequency,  with  greater  losses  occurring  at  high  power 
levels  atxl  frequencies. 

Third:  If  the  coupling  member  conducts  vibratory  energy  at  a  suffi¬ 
ciently  high-power  level,  or  if  the  standing  wave  ratio  in  the  system 
is  large  and  a  high-power  level  is  involved,  ordinary  fatigue  failure 
can  (and.  Indeed,  does)  occur.  'When  the  standing-wave  ratio  approaches 
unity,  however,  a  low-carbon  steel  'bar  conducts  vibratory  energy  com¬ 
parable  to  the  electrical  energy  caxTled  in  a  copper  conductor  (upwards 
of  10,000-12,000  watts/cm2).  This  energy  range  can  drop  as  low  as 
100  watt/cm2,  however,  when  the  standing -wave  ratio  is  high.  Therefore, 
it  is  exceedingly  important  that  a  coupling  system  be  designed  to  mini¬ 
mize  reflection  and  transmission  losses  and  to  utilize  materials  with 
outstandingly  good  mechanical  properties  in  order  to  maximize  the 
energy  delivered  to  the  weldment.  All  these  factors  are  difficult  to 
obtain  in  a  single  material;  in  fact,  little  is  known  about  the  trans¬ 
mission  and  the  fatigue  properties  in  the  frequency  range  and  at  the 
vibratory  energy  level  that  is  implicit  in  ultrasonic  welding  equip¬ 
ment  design. 

As  reported  by  Mason  (U8)  such  information  can  be  obtained  by 
carrying  out  certain  measurements  Involving  acoustical  velocity  transf orzaer 
elements.  More  recently,  Neppiras  (72)  developed  a  technique  for  studying 
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materials  of  interest  in  high-powsr  ultrasonic  trammlssion  investigation. 
With  the  Hopplraa  method,  both  internal  ener^  losses  and  fatigue  strength 
can  be  determined. 

With  the  standing-wave -ratio  method  of  energy  asasuroments,  which 
adds  an  iiqjortant  factor  of  control  to  the  Neppiras  evaluation  technique, 
reasonably  straightforward  determinations  can  be  made  under  reproducible 
conditions  in  a  i^latlvely  short  period  of  tine. 

During  thus  interval  covered  by  this  report,  equipment  has  been 
devis^  in  accordance  with  Neppiras*  technique,  and  partially  assembled. 


C.  fjps 

1,  Spot-Type  Tips 

Spot- type  tips  are  used  to  produce  repetitive  welds  in  a  given 
material  or  combination  of  materials.  In  this  system,  the  sonotrode  tip 
serves  two  purposes,  the  most  Impcnrbant  of  which  concerns  delivery  of  the 
energy  to  the  weld  sons.  Secondly,  the  tip  provides  a  terminus  to  the 
acoustic  system.  For  reasons  discussed  previously,  the  material  selected 
for  the  sonotrode  tip  must  be  tough,  resistant  to  wear  and  match  the  ixpe~ 
dance  of  the  weldment  as  closely  as  possible. 

The  effect  of  coupling  between  -Uie  tip  and  the  weldment,  as 
influenced  by  materials,  frictional  characteristics,  etc.,  has  not  been 
investigated.  A  variety  of  materials  have  been  welded,  however,  with  big 
differences  between  the  physical  and  mechanical  properties  of  the  tip  and 
weldment  materials.  For  instance,  aluminum  alloys  and  low-carbon  and  stain¬ 
less  steels,  as  well  as  other  engineering  materials,  have  been  welded  success¬ 
fully  with  topi  steel  and  nickel  all<^  sonotrode  tips.  Furthermore,  coupling 
can  be  frictional,  as  in  spot-type  welding  of  sheet  material,  or  by  positive 
drive,  as  in  the  welding  of  joint  geometries  that  permit  mechanical  locking 
between  the  tip  and  the  weldment.  A  high  modulus,  toughness,  and  resistance 
to  wear  are  required  properties  for  resistance  (frictional)  coupling  tips, 
while  in  the  positive-drive  arrangement,  the  major  requirement  is  adequate 
mechanical  strength  to  support  the  escpected  static  and  dynamic  si^sses. 

2  .  Continuous-  Seam  or  Roller  Tips 

The  basic  requirements  of  roller  or  continuous -^eam  tips  are  almost 
the  same  as  those  of  the  spot-type  tips.  Roller  tips,  hoimver,  are  of  two 
types,  resonant  and  nonresonant.  The  nonresonant-type  tip  servea  as  in  tiie 
spot  uni:to,  as  a  terminas  to  the  acoustic  system  and  is  subjected  to  only 
the  dynamic  shear  and  normal  stresses  attendant  to  the  energy  delivery  into 
the  weldiwnt.  The  resonant  tip  serves  a  dual  role  of  delivering  the  energy 
to  weldment  aid  of  functioning  as  a  matching  ’transformer  between  the 
acoustic  sys'tem  and  the  weldment.  Thus,  the  rollers  issy  be  subjected  to  the 
dynamic  vibratoiy  stresses  associated  with  conq)onent  resonance  and  to  those 
stresses  at  toe  junction  -fco  the  weldment  associated  with  energy  delivery 
to  the  weM, 
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The  life  of  roller  tips  is  eraluated  in  terms  of  producing  seam 
velds  of  xmlform  quality.  Tip  life  can  be  considerably  improved  by  geo¬ 
metric  considerations  insofar  as  these  govern  the  surface  fibre  stress  for 
a  given  disk  deflection.  Inasmuch  as  the  power  delivered  is  proportional 
to  the  square  of  the  displacement^  and  inasmuch  as  the  disk  fibre  stresses 
vary  as  the  cube  of  the  disk  deflection  with  respect  to  the  neutral  plane, 
material  properties  become  even  more  laq}ortant.  Disk  materials  must  posses 
high  strength,  extended  fatigue  life,  and  compatible  coupling  and  impedance 
characteristics . 

The  criticality  of  these  canq}onents,  as  demonstrated  during  the 
evolution  of  the  welding  process,  has  been  Indicated,  The  suitability  of 
the  various  materials  for  power-handling  capacity,  vibratory  energy  trans- 
Bdsslon  characteristics,  lBq>edanee  matching  characteristics,  and  fabrication 
and  joining  adaptability  can  be  ascertained  by  measurements  and  tests.  No 
simple  measurement,  however,  is  immediately  available  for  screening  purposes, 
and  reliance  must  be  placed,  at  least  temporarily,  on  standing-wave-ratio 
measurements  to  evaluate  energy  delivery  by  any  \init  at  constant  input 
conditions  and  on  weld  quality.  Obviously,  this  is  quite  a  laborious  pro¬ 
cess,  and  only  a  limited  number  of  candidate  tip  materials  can  be  studied. 
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V.  -smm  DELIVERY  METHODS 

Detenaine  the  most  efficient  methods  of  suppljring  Tibratory  energy 
to  the  bond  interface. 


A.  Systems 

JL  Tariety  of  ultrasonic  selding  arrays  for  spot-type,  roller-seam, 
and  ring-aiding  systems  hare  been  developed,  but  details  of  the  specific 
advantages  and  disadvantages  remain  to  be  defined. 

^  general,  there  are  two  broad  classes  of  systems  which  are  in¬ 
dependent  of  the  weld  geometry.  The  first  embraces  ell  those  types  in  which 
a  reaction  element,  or  anvil,  supports  the  work  pieces  and  resists  compliance 
thereof  with  the  vibratory  forces  exerted  by  the  powered  sonotrode. 
second  or  "opposition-drive”  class  comprises  systems  wherein  vibratory 
energy  is  delivered  to  both  sides  or  members  of  the  weldment  —  no  massive 
reactive  element  such  as  an  anvil  is  involved. 

The  class  of  welders  having  the  reaction  element  includes  the 
wedge-reed  design  in  which  the  reed  is  excited  by  a  single  coupler  element 
(wedge-bype)  or  by  two  diametrleally  opposed  couplers  operating  in  oppo¬ 
sition  (Fig.  lA  of  p.  3),  thus  effectively  doubling  the  power  capacity* 

This  category  also  Includes  the  lateral-drive  coupler  system  (Fig.  IB),  the 
roller  system  (Pig.  IC),  and  the  torsional  system  (Fig.  ID). 

Precise  relative  efficiencies  of  the  wedge-reed,  the  lateral 
drlTO,  and  the  ring-welding  systems  have  not  been  established,  although 
much  data  have  been  obtained  previously  with  all  three  types.  In  general, 
the  imdge-reed  system  has  been  used  with  higher  power  equipment  and  the 
lateral-drive  with  lower  power  arrays.  The  higher  bending  loads  which  are 
associated  with  the  application  of  clamping  force  to  heavier,  harder  ma¬ 
terials  limits  the  standard  lateral-drive  system  because  of  such  second- 
order  effects  as  "tip  bounce"  unless  special  provisions  are  provided  to 
preclude  them. 

To  consider  the  potential  efficiency  of  various  types  of  spot- 
welder  systems,  a  theoretical  analysis  relating  ^e  strain  energy  density 
to  amplitude  for  tl»  longitudinal  and  flexur^  cases,  s5?eviottsly  carried 
out,  was  extended  to  include  the  torsional  concept  (in  This 

more  conplete  analysis  indicates  that  torsional  and  longitudinal  modes  are 
ccanparable  in  power-handling  capacity  (Table  l6),  whereas  tl»  lateral  ae 
bending  mode  involves  greater  stresses  at  similar  amplitudes. 


39 


Table  l6 

RELATION^P  BETWEEN  RELATIVE  STRAIN  ENERGT  LEVELS 
PCR  CONSTANT  AMPLITUDE  AND  RELATIVE  AMPLITUDE 
FCR  CONSTANT  STRAIN  ENERGT  LEmS 


Mode  of 
Vibration 

Constant  Amplitude^ 
Relative  Strain 
Energy  Density 

Constant  Strain  Energy 
Density,  Relative 
Amplitude  at  End 

Longltadlnal 

1.0 

1.0 

Lateral 1 

Roimd 

2.k 

0.6? 

Reotangolar 

1.8 

0.75 

Torsional 

1.0 

1.0 

ElexortG. 

(disk) 

5.1 

o.l»5 

\w 


ixk  existing  irelders  of  significant  power-handling  capacity,  the 
reaction  elSfpat  or  anTil  la  a  potential  source  of  energy  loss  because  of 
.  the  eoergy  wiioh  passes  through  and  beyond  the  weld  zone.  To  minimize  these 

losses,  COTslderable  effort  has  been  devoted  to  anvil  development*  As  a 
result  of  this  past  trork,  isolation  systems  for  anvils  have  been  developed 
«  and  are  now  in  da:^to-day  use. 

On  the  basis  of  the  information  of  Table  5,  it  is  anticipated 
that  acoustical  power  up  to  about  25  kw,  and  possibly  hi^er,  will  be 
required  to  join  the  candidate  materials  in  thicknesses  up  to  0.1  inch, 
and  that  power  levels  of  this  order  will  almost  necessarily  be  delivered 
via  botii  cf  the  clamping  sonotrodes. 

The  opposition-drive  class  of  system  does  indeed,  eliminate  the 
necessity  for  a  massive,  nonconipliant  anvil  and  the  problems  that  are  en¬ 
tailed*  Such  systems  have  been  (teveloped  and  utilized  successfully.  How¬ 
ever,  unless  the  design  of  an  opposition-drive  system  incoiporates  solutions 
to  problems  peculiar  thereto,  it  is  possible  that  the  energy  losses  will  be 
greater  than  those  ^cperienced  with  the  reaction-sheet  type.  For  example, 
a  slight  shifting  of  phase  in  the  tip  excursion  of  either  sonotrode  (ftam 
the  l80*  out-of-phase  condition  that  must  prevail)  will  abruptly  produce  a 
great  decrease  of  enoi^  delivery.  As  a  matter  of  fact,  under  certain  cir¬ 
cumstances  one  transducer  coupling  system  may  act  as  an  alternator  with  the 

•  opposing  system  i^ting  as  a  motor  so  that  almost  no  work- will  be  done  at 
the  weld  locale* 

•  There  are  at  least  thz^e  avenues  to  satisfaetcary  opposition-drive 
operation  ihich  have  previou^y  been  investigated  and  develop>edt 

1*  nediaMcal  inter  coupling  in  which  all  the  transchicers  drive 
a  connon  coupler,  and  the  energy  oul^t  of  the  coupler  is  divii^ 
by  means  of  a  locked  mechanical  out-of -phase  system  to  provide 
180*  out-of -phase  dispfl.acemsnt  to  the  sonotrode  tip 

2*  electrical  intercoupling  ^idi  involves  atanding-wave-ratio 
or  other  monitoring  equipment  on  each  coupler  or  tip  for  detecting 
and  automatically  maintaining  the  proper  phase  relationship  by  a 
servote  chnlque 

3.  electromechanical  intercoupling  which  utilizes  a  ccmtoination 
of  these  tedinlques* 

exj^rlmentation  Is  still  required  to  select  the  best  of  these 
two  classes  and  also  to  svaluate  the  practicality  of  the  types  of  transducer- 
coupling  systems  for  use  in  teavy-duty  equipment. 


In  prsTious  studiss  on  this  problem,  available  ecpipnent  was  Jnrj- 
rlgged  to  operate  at  relatively  high  powers  (up  to  abont  6OOO-8CXX)  watts  of 
high-frequency  power  to  the  transducer)  without  regard  to  the  practicability 
of  ultimate  use  in  heavy-duty  equipment.  A  refined  approadi  is  now  being 
prepared  to  obtain  additional  information  on  the  opposition-drive  class  of 
systm. 


The  possibility  that  ring  welds  laay  be  more  desirable  than  standard 
spot-type  welds  is  also  being  considered.  any  spot-type  weld,  the  struc¬ 
tural  load  is  carried  from  one  side  of  the  weldment  to  the  other,  generally 
through  the  periphery  of  the  spot.  The  center  of  the  spot  contributes  little 
to  the  spot  strength.  Nevertheless,  with  the  ordinary  ultrasonic  spot-type 
welder,  energy  is  used  to  produce  the  interfacial  disturbance  over  the  entire 
weld  area,  including  the  center.  A  ring  weld  has  the  promising  structural 
advantage  of  a  bond  generated  only  ^ere  it  is  useful,  at  the  periphery.  The 
ring  configuration  can  be  adjusted  to  provide  not  only  a  large  bcmded  area, 
but  also  a  large-diameter,  more  efficient  weld. 


B.  Coiq?onents 
1.  Transducers 

On  the  basis  of  information  compiled  to  date,  it  appears  that 
transducers  for  welding  will  Involve  either  magnetostrictive  laminated- 
sheet  metal  stacks  or  such  ceramic-type  materials  as  lead  zirconate  tita- 
nate.  Much  experience  has  been  accumulated  with  the  design,  fabrication, 
and  service  life  of  such  magnetostrictive  materials  as  •A"  nickel  and 
nickel-cobalt  all<^.  So  far  as  is  known,  little,  if  any,  experience  has 
been  obtained  with  hi^-power  ceramic  transducers  capable  of  sustained 
energy  delivery  via  metal  couplers.  In  order  to  obtain  practical  veri¬ 
fication  of  the  reported  theoretical  performance  of  such  ceramic  ma¬ 
terials  in  large  transducers  for  extended  operation,  certain  designs  for 
such  transducers,  evolved  prior  to  this  work,  have  been  partially  eval¬ 
uated  (Fig.  U). 

Lolling  to  maintain  the  ceramic  elements  in  a  state  of  conqjresslon 
is  variously  applied.  In  Fig.  liA,  peripherally  located  tie  bolts  produce 
this  compressive  loading  via  end  plates.  Ih  Fig.  UB,  a  center  tie  bolt 
serves  the  same  purpose,  while  in  Fig.  liC  and  D  (assembled  and  exploded), 
the  containing  tube  carries  the  tension  reaction. 

It  has  been  detennined  that  the  design  of  Fig.  UA  exhibits  spuri¬ 
ous  plate-type  resonance,  but  this  unsatisfactory  condition  may  elimi¬ 
nated  when  one  plate  is  bon<ted  to  a  metal  coupling  bar.  The  design  of 
Fig.  ijB  has  been  difficult  to  evaluate  due  to  a  lack  of  symmetry  between 
the  inner  tension  bolt  length  and  the  outer  (slugs  and  ceramic  washers) 
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conpression  path.  Effort  will  be  made  to  correct  these  inadequacies  as  the 
work  proceeds.  The  design  of  Fig.  I4.C  and  Id),  in  which  the  tension  reaction 
is  carried  in  the  enclosing  tube,  has  just  been  ccaapleted  and  has  not  been 
powered  for  evaluation.  These  transducers  incorporate  lead  zirconate  tita- 
nate  (obtained  fi*att  Clevite)  into  the  preloaded  type  of  mechanical  assembly 
which  precludes  the  need  of  adhesives,  offers  good  probability  of  satisfac¬ 
tory  cooling,  and,  especially  avoids  cyclic  tension  loading  of  the  ceramic 
elements. 

Transducer  efficiency  will  be  evaluated  by  calorimetric  investi¬ 
gation  with  the  system  of  Fig.  3,  as  discussed  In  Section  17. 

2.  Coupling  Manbers 

An  efficient  transducer,  while  very  Important,  does  not  insure 
power  delivery  to  the  work  pieces.  Hi^  energy  losses  can  occur  in  the 
coupling  system  between  the  transducer  and  the  work,  especially  at  hi^ 
power  delivery.  Vibratory  energy  is  converted  to  heat  within  the  coupling 
system  by  internal  friction.  For  small  deformations  (low  power)  the  loss 
per  cycle  is  low  because  essentially  perfect  elastic  behavior  prevails} 
at  stress  levels  associated  with  high  power  delivery,  the  problem  of  In- 
temal  friction  losses  is  serious. 

To  our  knowledge  there  is  at  present  no  satisfactory  theory  tar 
internal  friction  in  solids  that  embraces  a  broad  vibratory  frequency  spec¬ 
trum,  althou^  sudi  losses  can  be  measured  by  several  03q)erimental  methods. 
For  example,  at  low  stress  levels  (on  the  assuB^tion  of  simple  harmonic 
motion)  the  natural  logarithm  of  the  ratio  between  successive  oscillations 
(log  decrement),  as  determined  with  a  torsional  pendulum,  maybe  used  to 
estimate  the  internal  friction  losses. 

Many  investigators  (73-7^)  have  worked  at  frequencies  up  to 
about  aOO  cps,  aiKi  some  work  (76)  has  been  conducted  at  hi^  frequencies. 
Except  for  the  work  by  Keppiras  (72),  little  information  has  been  located 
on  the  losses  in  various  metallic  materials  at  frequencies  in  the  range 
of  interest,  5-50  kilocycles  per  second. 

Letters  were  dispatched  to  both  foreign  and  American  individuals 
and  organizations,  who,  we  believe,  can  supply  information  on  the  Intemal 
friction  losses  and  acoustic  transmissivity  of  materials  in  the  frecpency 
rar^e  of  Interest. 

fturts  for  a  test  system  designed  on  the  basis  of  work  by  Neppiras 
(72)  have  been  fabricated  and  await  final  assembly.  This  array  will  be 
utilized  to  deteimine  relative,  and  possibly  absolute,  acoustic  transmis¬ 
sivity  of  candidate  coupler  material?.  Test  specimens  of  the  immediate 
candidate  alloys  (tool  steel.  Monel,  and  aluminum  bronze)  have  been  de¬ 
signed  and  fabricated. 


IjU 


3»  Spot -Type  Velder  Tips 

The  problem  of  attaching  welding  tips  to  the  sonotrode  and/or 
anvil  cannot  be  Ignored;  mechanical  attadiment,  while  feasible  at  modest 
powers,  has  not  been  as  reliable  for  hi^er  levels  of  power;  brazing  attach¬ 
ment  of  tips  is  known  to  be  practical  at  high  power  levels.  Thus,  at  least 
for  the  present,  due  to  Independent  considerations,  tip  materials  diould  be 
brazable  If  this  is  possible. 

Information,  regarding  the  various  designs  of  spot-type-irelder 
tips  is  summarized  in  Table  17.  Mechanically  attached  tips  are  highly  de¬ 
sirable  if  not  absolutely  mandatory.  Examples  of  mechanically  attached 
tips  are  Types  3  and  6  of  Table  17 •  Typ®  o  is  the  more  desirable,  for  a 
variety  of  reasons,  but,  especially,  because  it  can  be  fabricated  easily 
from  small  pieces  of  material  (often  necessary  when  a  new  or  special  alloy 
is  involved).  Tjrpe  3,  however,  is  difficult  to  manufacture  and,  conse¬ 
quently,  is  more  expensive  because  a  modest  quantity  of  tip  material  in  a 
variety  of  shapes  is  frequently  difficult  and  costly  to  obtain. 

li.  Roller-Seam-Tfelding  Disk  Tips 

While  spot-type  welding  tips  constitute  such  a  small  part  of  the 
welding  system  that  their  acoustic  properties  can  be  neglected,  disk  tips 
for  roller-seam  welders  are  a  critical  factor  in  resonant  systems  since 
they  must  transmit  vibratory  energy  from  the  center  to  a  point  on  the 
periphery.  Disks  for  roller-seam  welding  machines  are  sophisticated,  and 
their  design  has  been  the  subject  of  various  theoretical  treatments  and 
experimental  measurements  from  time  to  time.  Since  such  disks  continually 
place  fresh  cool  area  in  contact  with  the  workpiece,  they  may  not  involve 
as  rigorous  metallurgical  and  physical  demands  as  spot- type-welder  tips. 
These  designs  have  definite  boundary  acoustic  conditions,  however,  and  be¬ 
cause  of  stress  buildup  in  the  center  of  the  disk  cannot  be  indefinitely 
extrapolated  to  higher  powers.  Hysteresis  can  cause  energy  to  be  absorbed 
within  the  disk;  unstable  operation  and  an  unusual  type  of  metallurgical 
failure  may  result. 

^dformation  concerning  various  roller-seam-welding  tips  is  sum^ 
marlzed  in  Table  l8.  The  Type  1  tip  is  an  operable  nonresonant  mass,  but 
any  reasonably  high  welding  rate  Involves  an  unsatisfactorily  high  angular 
velocity  of  the  transducer-coupling  system.  Types  2,  3,  and  U  are  charac¬ 
teristic  resonant  disks,  showing  several  disk-to-coupler  attachment  methods. 
Type  ^  is  a  resonant  toroid  that  has  received  considerable  attention. 
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(OrlMitation  for  apaoial  applteatioui  poaaibl*  with  oontourad  tlpa  for  all  tfiiaa.) 
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TUB  LDCrrAflCW  (W  AMPLrrTJDE  SET  BY  MXIHIM 

STRAnr  iHERGT  h  visrathig  systems 

POmJgISD  IH  MYO  REPCRY  9^68  j  "APHiISATieWS  OF  ULTRASOWIS  BBEaSY»  (1$) 

In  nai^  Applications  of  mLtrasonics  it  is  desirable  to  ae^ie'Te  as 
great  an  anplitnde  of  oscillation  at  the  vorlc  area  as  is  permitted  by  the 
elastic  properties  of  ttie  materials  constituting  the  Tibrating  system*  It 
is  assumed  in  this  analysis  that  a  giren  isotropic  material  is  characterised 
by  a  maxloara  permissible  oscillating  elastic  strain  energy  density^  uhich 
can  not  be  exceeded  mithout  fatigue  failure,  z^gardless  of  iriiether  the  energy 
density  is  associated  vith  shear  distortion,  simple  compression,  or  a  cemA)!- 
natlon  of  the  two*  The  treatment  can  be  modified  later,  if  it  turns  out 
that  the  fatigue  limit  depends  on  the  nature  of  the  elastic  distortion* 


Longitudinal  Tibration  of  a  Bhifora  Bar 

Consider  first  the  longitudinal  Tibration  of  a  lender  half-irare 
rod  of  uniform  section*  The  strain  at  any  position  X,  with  origin  at  the 
center  of  the  rod,  is 


KX, 

\ 

-  i  X  <  <VU, 


(1) 


(2) 


and  e  *■  ^%Jp  as  usual* 
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The  maxiiaam  amplitude  at  the  end  of  the  rod  is 


%e  maximum  elastic  energ7  density  at  the  center  is 

where  B  is  Young's  Hodulusj  (It) 

hence, 

^m  *  I  ®  “  I  P  ^ 

Since  the  maximum  velocity  at  the  end  of  the  rod  is  eoA^  “  Eq.  $  can 
be  written 

£,-|p§*,  C«) 

which  is  the  kinetic  energy  per  unit  volume  of  the  material  at  the  end  of 
the  rod.  Whereas  the  kinetic  energy  density  and  v^oelty  is  independent 
of  frequency  for  a  given  upper  limit  to  6^^,  the  permissible  amplitude 
varies  inversely  with  frequency. 

I.ateral  Tibration  of  a  Chjf orm  Bar 

Next  the  free-free  lateral  vibration  of  a  bar  of  circular  section. 
Ihe  following  results  from  Haylelgh,  p.  28i  et  seq.,  (77)  can  be  used.  For 
the  frequency, 

l/|  .  f7) 
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For  the  aiqAituds  at  the  eiidy  in  tense  of  the  atsplltade  at  the  eentery 


*end  “  ^center 


(8) 


Frm  the  table  en  p.  282  of  Eaylelgh  (77)>  taking  second  differences, 
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center 


17.7  , 

*end* 
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The  iBaximnn  fiber  strain  at  the  center  is 
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y 


”•7  7?  *«4 


center 


On  conbining  (7)  and  (10) 


end 


(n) 


Hence,  fron  Bq«  (k) 

e.  -  2.37  [|  pcO*  *y.  (12) 

This  result  shows  that  for  a  giren  soiplitude  at  the  end,  the  (surface) 
strain-energy  density  at  the  center  is  nearly  two  and  one-half  tines  as 
great  as  for  the  longitudinal  ease*  It  depends  on  density  axid  fre<|tteney 
as  before,  a  result  that  is  obrious  fTcai  cUnensional  considerations. 

If  the  bar  is  of  rectangular  section,  of  thickness  2a,  Eq.  (7) 

beceses 
<0  * 

since  the  ratlins  of  gyration  of  the  section  is  now  a/^  ijutewi  &£  a^*« 
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ITT 


(1».73)‘ 
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thfi  value  of  a/>t^  in  Eq.  (lO)  is  decreased  Isy  the  factor  (i^2  (for 

2 

a  ^quency)  and  the  energy  density  of  Eq.  (12)  by  (  i^/2)  ■  O#?^. 

|eeordin^y>  a  rod  of  rectangular  section  is  superior  to  one  of  circular 
seetdsiii  i^n  as  large  an  aaqplitude  of  vibration  as  possible  is  desired. 


of  a  Thin  Ifaiform  Disk 

Xt  can  be  shoim  (78)  for  one  nodal  circle  with  ^  •  l/3  ^at 

/  ^  .  (u,) 

•fety*  •  1.  the  radius  and  t,  the  thickness  of  the  disk.  The  shape  of 
the  ddsk  is  given  by  the  function 


We  J  (kr)  ♦  >I  fkr)j 
0  o 


(15) 


vii)^  w 

Jl  E  t^ 

•"  ’-^-nsT 

stiffs  ttM|  J  and  I  function  are  ordinary  and  nodified  Bessel  functions, 
respeetiveXy.  For  ^  •  l/3,  ka  •  3.01  and  ^  «  -O.OSla.  The  aaplituds 
ft  edge  is  0.7k  that  at  the  center. 


d  ealeulation  based  on  Sq.  (l5)  shows  that  the  curvature  at  the 
IMNlteiPi  for  a  displacMient  aiiq)litude  is 
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y  a 


Hi 


^center* 
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The  strain  at  the  surface  is,  therefore, 

^1^^^  -  I  .  I  ^  (3.01)^ 


3.62 


^  *e<ige* 


(17) 


on  introducing  the  numerical  values  alx«ad7  quoted  for  lea,  ^  and 
^edge^^center  ^  strain  enei^  density  for  a  plate  stretched  uniforsiLy 

In  all  directions  an  amount  is 


S 


(18) 


On  introducing  the  value  fron  Eq.  (17),  for 
Eq.  (11*)  ,  and  <r  -  l^, 

e  _  -  JL.  (3  j52)2  \  ^  Oi 

^■5  *  (2.6i5)* 


frequency  from 


-  5.IG 


1  2.2" 

7  A  e(jgQ  • 


Hence,  for  a  given  amplitude  at  the  edge,  the  maximum  strain  energy  density 
is  slightly  more  than  five  times  that  of  the  longitudinal  case  for  the  same 
amplitude  and  frequeiuty* 


SITIHaiOH  CF  P0BLI3HED  WERE 
Torsional  Vibrations  of  a  %lform  Rod 


Consider,  finally,  tiM  torsional  vibrations  of  a  unlfoTii  half-vave 
rod  of  circular  section,  irith  origin  at  center*  If  0  is  the  angular 
displac^ent  at  any  section,  the  angular  strain  is 

and  the  angular  aiqilitude  at  the  end  la 


(21) 


(19) 
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Tha  torsional  casS}  thez^fore,  is  Mont leal  vlth  the  Icrngitadlnal 
ease  discussed  in  the  first  section,  the  longitudinal  vibration  of  a  unifon 
bar,  of  the  published  naterial*  illX  of  the  results  obtained  show  that 
sjp  is  a  figure  of  nerit  for  an  elastic  Material,  idiieh  can  be  used  to 
estimate  the  largest  possible  vibratorj  amplitude  at  a  given  frequency, 
regardless  of  the  geometry  of  the  vibrator. 
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